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Abstract The kinetics of photocatalytic oxidation reaction for direct blue solution
was studied by using flower-like TiO, under the irradiation of ultraviolet (UV) light.
A series of possible affecting factors were studied, including pH value, the additive
amount of light catalyst, H;O, and with or without Ag modification. The kinetics of
photocatalytic degradation under UV was found following a pseudo-second-order
reaction kinetic model with high regression coefficients (Rz). It has been demon-
strated that the initial concentration and its related factors have influenced the
photocatalytic degradation efficiency and corresponding kinetic parameters. Also,
the kinetic parameter k is increasing with the degradation efficiency.
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Introduction

Recently, the treatment of dye wastewater has been one of the most active fields in
heterogeneous photocatalysis. This provokes a potential value based on titanium
dioxide (TiO,) for gas and water treatment applications. Generally, the entire
process of photocatalytic reaction occurs mainly on the surface of TiO, [1-3].
Photocatalytic reaction efficiency has a close relation with active sites, which
decides the nature of the photocatalyst and related operating conditions [4, 5].
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As a semiconductor, TiO, exhibits specific properties for organics degradation
due to its high photo-activity, which has attracted considerable attention [6-8].
These characteristics, like morphology, surface area, crystalline phase composition
and surface hydroxyl concentration, were considered as the main affecting factors of
photocatalytic activity. Meanwhile, the operating conditions of the system also
greatly affect the photocatalytic activity. Generally, TiO, photocatalysts were
evaluated for catalytic degradation of organics, and most of them exhibited
excellent catalytic performance on different pollutants and degradation conditions
[9-11]. The photodegradation of direct blue (DB) over flower-like TiO, was studied
in this work.

There are many studies on wastewater decomposition with TiO,/UV, which
investigate a number of factors that could influence the photocatalysis efficiency and
make use of the kinetic model to explain their results. Priya and Madras [12]
investigated the photocatalytic reaction process for the degradation of chlorophenol
and nitrophenol on synthesized nano-TiO,. They also proposed a modified
Langmuir-Hinshelwood kinetic model, as well as obtained correlative kinetic
parameters in accordance with the initial rate analysis. Smith et al. [13] examined
the effect of the physicochemical parameters of methyl orange degradation, and
concluded a simple correlation between photo-electrochemical properties, light
intensity, and dye concentration base on a Langmuir—Hinshelwood mechanism.
Basha et al. [14] integrated photo-catalytic adsorbents and photo-degradation of
indomethacin in aqueous solutions based on TiO,-activated carbon. It was found
that the kinetics of photocatalytic degradation follow a Langmuir-Hinshelwood
model. By analyzing and comparing the adsorption rate constant and light catalytic
rate constant, it was concluded that the photocatalysis of indomethacin is a rate-
determining step in the process of adsorption and photocatalysis. However, most of
the reports explain their experimental results by just adopting the same model and
method without considering the limitations of the model, and the detailed reaction
mechanism. Generally, the application of a Langmuir-Hinshelwood model is built
on ideal assumptions, which include the reaction system being in dynamic
equilibrium; the reaction is surface-mediated; and the competition for the TiO,
active surface sites by the intermediates and other reactive oxygen species is not
limited [15, 16]. It is inappropriate that the detailed reaction mechanism of
photocatalytic degradation of DB remains to be further explored. According to
available reports, we found that simpler zero, first- or second-order kinetics are
sufficient to simulate the process of photocatalytic reaction of organic compounds
[5, 17]. These simple kinetic models of the photocatalytic reaction presented were
not limited to the use of a Langmuir—Hinshelwood model, and can accommodate
any rate law expression. Thus, these simple models can be used to describe the
photo-degradation process of DB. This study presents systematic research, including
pH value, the additive amount of light catalyst, H;O, and with or without Ag
modification. The study of photocatalytic oxidation kinetics helps to understand the
reaction mechanism, control the reaction trend and discern the optimum operating
conditions of DB photocatalytic degradation; parameters obtained also provide the
requisite conditions for the design of efficient photocatalysts and optimization of the
reaction conditions.
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Experimental
Catalyst preparation

All reagents used in this work were of analytical grade. Combined with the
previously reported methods [18-22], the flower-like TiO, was prepared by the
hydrothermal method. As is common in methods of preparation experiments,
0.005 mol titanium isopropoxide was added to a mixture of 20 mL of glycerol and
20 mL of isopropanol. There was a 10-min mixing process at room temperature
before the suspension was transferred to a 100-mL Teflon-lined autoclave. The
autoclave was maintained at 180 °C under autogeneous pressure for 16 h. After
cooling, the white product could be obtained after filtrating and washing with water
and ethanol. Then, the solid product was dried at 60 °C for 24 h, followed by
calcination at 450 °C in air for 2 h.

Characterization

The X-ray diffraction (XRD) spectra were examined on an X’Pert PRO MPD
diffractometer with Cu—Ka radiation (4 = 0.154056 nm, 30 kV, 30 mA).

The morphology of the sample was observed via scanning electron microscopy
(SEM) using a JEOL/EO JSM-5900. A JEOL-JEM-2011 instrument with an
accelerating voltage of 200 kV was also used. The structures of the samples were
analyzed by high-resolution transmission electron microscopy (HRTEM) using an
FEI Tecnai G20 apparatus operating at 200 kV.

N, adsorption—desorption isotherms were measured at 77 K using a Quadrasorb
evo™ (Quantachrome Company, FL, USA). Prior to measurements, the TiO,
powders were degassed under a primary vacuum at 150 °C for 3 h using a FloVac
ST-MP-9 instrument. Brunauer—Emmett-Teller (BET) methods were applied to
determine the specific area. The pore size distribution and the average pore size
were determined using the Barret-Joyner—Halenda (BJH) model.

Photo-catalytic performance evaluation

According to the references reported in publications [23-25], photocatalytic
activities were measured in a home-made photo-reactor. The reactor is completely
opaque, with ultraviolet light with wavelength of 320-400 nm. During the whole
experiment, the experimental conditions were controlled at room temperature
(298 K) and atmospheric pressure (101.325 kPa). The experiment process can be
expressed as below: TiO, catalysts were dispersed in homogenous DB solution
(100 mL) with the help of ultrasonic. To attain adsorption—desorption equilibrium,
the suspension was stirred with bubbling air in the dark for 30 min. At certain time
intervals, 5 mL of the mixed suspensions were collected, centrifuged via high-speed
centrifugation and measured by a Hitachi F-4500 FL spectrophotometer. The dye
concentration can be calculated according to the Beer—Lambert curves to correlate
the absorbance at its characteristic absorption wavelengths (598 nm).
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Results and discussion
Characterization of TiO, microspheres

The crystal structure of flower-like TiO, was detected by X-ray diffraction (XRD)
measurements. Figure 1 displays diffraction peaks of the sample which are in
agreement with the previous publication. The average size of TiO, was about 16 nm
(Table 1) which was calculated from the most intense XRD peak (101) by using
Scherrer’s formula. Earlier work suggests that this crystallization size could be
related to the concentration of titanium oxide crystallization sites during the
hydrolysis of tetrabutyl titanate [26].

The SEM and TEM images of microspheres are presented in Fig. 2. A daisy-like
morphology and uniform microspheres with the size of ~1 pm were detected by
SEM and TEM. The flower-like TiO, is composed of many thin TiO, nanobelts
with a stab on the top displayed in Fig. 2a, b. The TEM image (Fig. 2c) reveals the
size of the TiO, nanobelts ranges 20-50 nm, and its thickness is around 6 nm. The
lattice fringes in the HRTEM image (Fig. 2d) give interplanar distances of 0.35 and
0.48 nm corresponding to the (101) planes and the (010) planes, respectively. The
selected area electron diffraction (SAED) pattern inset in Fig. 2c confirmed
preferential exposure faces of (101) planes and (010) planes over synthesized
flower-like nanoparticles [27].

The specific surface area and porosity of the as-synthesized samples were
investigated by using nitrogen adsorption and desorption isotherms. As shown in
Fig. 3, the isotherm of flower-like TiO, is identified as type IV with a H; hysteresis
loop, which suggests its mesoporous feature [28]. Also, the corresponding pore size
distribution curves calculated using the BJH method were shown in Fig. 3. The
specific surface area, total pore volume and average pore diameter are displayed in
Table 1.

Fig. 1 XRD patterns of flower- A

like TiO, nanoparticles A- anatase

R- rutile

Intensity (a.u.)

2 Theta ()
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Table 1 Textural properties of flower-like TiO,

Catalysts Sger (Mm% Pore volume Average pore diameter  Crystallization size® (nm),
2) (cm*/g) (nm) XRD
Flower-like 41.59 0.2089 3.678 15.80
TiO,

% BJH method

Fig. 2 SEM (a, b) and TEM (¢, d) images for flower-like TiO,
Optimizing interference factors

Mechanism

Since the photo-generated carriers can induce oxidation and reduction processes, the
titanium dioxide is widely used as a photocatalyst [29]. According to the extensive
literature, when aqueous solution was irradiated in the presence of TiO,
photocatalyst, the adsorbed water molecules reacted with the holes in the valence
band to form hydroxyl radicals and release hydrogen ions. The hydroxyl radical is
one of the most powerful oxidants. It can initiate multiple oxidation reactions,
which leads to the complete mineralization of original organic matter and its

degradation products [30, 31, 33].

According to many reports, the reaction of hydroxyl radicals with organic matter

can be summarized as a dehydrogenation process [30, 32].
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Fig. 3 Nitrogen adsorption—desorption isotherms and the corresponding pore size distributions curve
(inset) of flower-like TiO,

OH®* + RH — R* 4+ H,0

For quantitative evaluation, the zero-order, first-order, and second-order kinetics
equations were fitted to the experimental data. These models are given by the
following equations [34]:

dc
r=—- E = Kphoto,0
ac
r= _E = photo,lC
dc
r= _E = photo,2C2

where r is the rate of DB concentration (mmol L' rninfl), C is the concentration at
any time (mmol Lh, kphoto,0 18 the zero-order rate constant (mmol L' min™"),
kphoto,1 18 the first-order rate constant (min~ ), and kphoto2 18 the second-order rate
constant (L mmol ! min_l).

The non-linearized forms of the zero-order, first-order, and second-order kinetics
expressions are obtained as follows:

C=0Cy— kphoto,Ot
_ —Kphoto,1t
C=Coexp ™

Co

C=— "
1+ kphoto,ZtCO

where Cj is the initial concentration of the solution. Nonlinear regression was used
to estimate the parameters involved in the zero-order, first-order, and second-order
kinetics expressions.
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Select the dynamic equations

The time-concentration curves (Fig. 4.) obtained from the oxidation experiments of
DB and each individual initial concentration were fitted to a potential kinetic
equation.

As shown in Table 2, regression coefficients (R* were low based on the zero-
order and first-order kinetics, and ranged from 0.2116 to 0.8407 and 0.8238 to
0.9095, respectively, confirming the unsatisfactory fit of the experimental data for
TiO, photocatalysis to the zero-order and first-order model.

While the second-order kinetics expression exhibited an improved fit, the again-
improved R? for the second-order kinetics model shows that it best represents the
kinetics of DB degradation by TiO,. According to pseudo-second-order reaction
parameters (Table 2), the reaction rate constant decreases with increasing initial
concentration, when the DB solution is at a lower concentration
(0.05-0.15 mmol L™"). It can be explained as follows: The essence of photocat-
alytic reaction is the indirect photolysis reaction of hydroxyl radicals (OH-) and
organic compounds. As the concentration of dye increases, less H;O molecules are
adsorbed on the catalyst surface. The number of hydroxyl radicals formed on the
catalyst surface is strictly restricted. Hence, the photocatalysis kinetic parameters of
DB on flower-like TiO, were greatly reduced with an increase of dye concentration
[35, 36].

The influence of pH value on light catalytic properties

The effect of pH of solution on the decolorization of DB dye is depicted in Fig. 5.
Also, the relevant second-order kinetic parameters are listed in Table 3. It can be
seen that the removal percentage of DB and the second-order kinetics parameters
increased as the pH decreasing. Clearly, the second-order kinetics provide a good fit

01548 - pseudo-first order reaction ] C0=0.05mm01/L
N pseudo-second order reaction |4 C;=0.1mmol/L
® C=0.15mmol/L
~ -
S 0.10
)
£
E
-
<
O 0.05 4
0.00

Time (min)

Fig. 4 Different initial concentrations of the DB solution on the dye removal (100 mL of DB solution,
pH 3.0, 30 mg/L photocatalysis) plots based on first-order, and second-order kinetics fitted to the
experimental data for UV illumination, respectively
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Table 2 Photocatalysis kinetic parameters of DB on flower-like TiO, nanoparticles at different initial
concentration with the kinetic model

Kinetic model Kinetic parameters Co (mmol L™h

0.05 0.1 0.15

Zero-order reaction

C = Co — kphoto 0t kphoto,0 (mmol L' min™h 0.000547 0.0009479 0.001055
R? 0.2116 0.6052 0.8407
Pseudo-first-order reaction
C = Cyexp ot Kphoto.r (min™") 0.03472 0.01937 0.0104
R? 0.8238 0.9255 0.9095
Pseudo-second-order reaction
C= ch—tc Kphoto2 (L mmol ™" min™") 1.56 0.354 0.1008
R? 0.9602 0.9956 0.9245
0.10 pseudo-second order reaction
m PH=1 PH=5
e PH=3 <« PH=7
0.08 - —— <
9
= 0.06 4
£
E
O 0.04 -
0.02
0.00 L T T T T T T
0 20 40 60 80 100
Time (min)

Fig. 5 DB solution with different pH on the surface of flower-like TiO, removal (0.1 mmol L™ initial
concentration, 100 mL DB solution, 30 mg/L photocatalysis) plots based on second-order kinetics fitted
to the experimental data

to the experimental data for TiO, photocatalysis as regression coefficients (Table 3)
were greater than 0.9 and ranged from 0.9249 to 0.9974.

In a heterogeneous photocatalytic system, pH is an important operating
parameter. The charge on the catalyst particles, size of catalyst aggregates and
valence bands are affected by pH. Thus, the photocatalytic activities would vary
with the pH values [5]. By changing the pH values of the solution, the protonated or
deprotonated reaction can be realized on the surface of TiO,. According to the
acidic or alkaline conditions, the reaction equation can be expressed as follow
[37, 38]:

TiOH + H* — TiOH}

TiOH+ OH™ — TiO™ + H,0
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Table 3 The second-order kinetic parameters of photocatalytic degradation of DB with different pH

Kinetic parameters pH

1 3 5 7
Kphoto2 (L mmol™" min™") 2.088 0.3541 0.184 0.03533
R? 0.9974 0.9956 0.9249 0.9251

For the photocatalytic reactions on the surface of TiO,, pH values of the system
have been extensively studied. It is reported that TiO, has a higher oxidizing
activity in acidic solution [37, 39], but the production rate of hydroxyl radicals can
decrease with excess H'. But, excess H™ at low pH can decrease the reaction rate.
According to the reports of Shifu and Gengyu [40], we found that the photo-
generated holes (h +) are the predominant oxidizing species at low pH. However, it
should also be noticed that hydroxyl radicals are rapidly scavenged at high pH due
to the abundance of hydroxyl ions which inhibits its reaction to some extent [41].
Therefore, within a certain range of pH values, enhancement of pH is beneficial to
photocatalytic degradation of DB in the presence of TiO,.

The influence of the additive amount of light catalyst

As shown in Fig. 6, a series of DB decomposition tests were carried out with TiO,
solid content being varied from 0 to 75 mg/L. Clearly, the DB decomposition rate
seems to increase with the TiO, concentration (<60 mg/L) and then slightly
decreases with the TiO, concentration (<75 mg/L). The second-order kinetics
model is also used to fit the experimental data, and relevant parameters are shown in
Table 4. The second-order kinetic parameters increase with the DB decomposition
rate, and up to 3.004 L mmol~' min~' at 60 mg/L TiO, photocatalysis.

0.10 44— a . . ~
e
pseudo-second order reaction
0.08 e Omg/L * 45mg/L
15mg/L e 60mg/L
= 30mg/L <« 75mg/L
= 0.06 4
=]
)
-
© 0.04 4
0.02
* *
0.00 - v
T T T T T T
0 20 40 60 80 100
Time (min)

Fig. 6 Flower-like TiO, with different concentrations for DB removal (0.1 mmol L~ initial

concentration, 100 mL DB solution, pH 3.0) plots based on second-order kinetics fitted to the
experimental data
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Table 4 The second-order kinetic parameters of photocatalytic degradation of DB with different dosage
of photocatalysts

Kinetic parameters Crio, (mg/L)

0 15 30 45 60 75
kphoto,2 (L mmol~! min~") 0.005597 0.16 0.3541 1.268 3.004 2.548
R? 0.9243 0.9229 0.9956 0.9891 0.9996 0.9992

In a heterogeneous photocatalytic treatment system, the concentration of TiO; is
one of the most important factors for the overall reaction rate [37]. The effectiveness
of active sites on the TiO, surface, as well as the availability of photo-activating
light penetration in the suspension, all can be used to illustrate the effect of catalyst
concentration. The quantity of the active sites increases with the catalyst
concentration in the suspension, but the light penetration decreases with the
catalyst concentration in the suspension due to the screening effect [42, 43]. In order
to avoid excess catalyst and ensure total absorption of efficient photons, 60 mg/L
TiO, photocatalysis is considered as the best condition for photocatalytic
degradation of DB.

The influence of H,O,

As showed in Fig. 7, a series of experiments with variations of H,0, was
performed. It was observed that the TiO, together with H,O, had a beneficial effect
on the degradation of the DB dyes. The DB decomposition rate increases with the
addition of H,O, (<5 ml/L) and then remained at a similar rate. This fact could be
attributed to a more efficient generation of hydroxyl radicals and inhibition of
electron—hole pair recombination from the right amount of H,O,. The second-order

0.10 pseudo-second order reaction
e Oml/L e 25ml/L
A Sml/L 7.5ml/L
0.08 m 10ml/L
—_
=
g 0.06 -
£
=)
<
O 0.04
0.02
0.00
T T T T T T
0 20 40 60 80 100

Time (min)

Fig. 7 DB solution with variations of H,O, on the surface of flower-like TiO, removal (0.1 mmol L!
initial concentration, 100 mL DB solution, pH 3.0, 30 mg/L photocatalysis) plots based on second-order
kinetics fitted to the experimental data
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Table 5 The second-order kinetic parameters in DB’s photocatalytic degradation with variation of H,O,

Kinetic parameters V ml (H02)/Lpg solution)

0 2.5 5.0 7.5 10
Kphoto2 (L mmol™" min™") 0.3541 1.341 1.742 1.546 1.686
R? 0.9956 0.9885 0.9999 0.9929 0.9948

kinetics model is also used to fit the experimental data, and the relevant parameters
are shown in Table 5. It can be seen that the second-order kinetic parameters
increased with the DB decomposition rate, and up to 1.774 L mmol™" min~" with
the addition of 5 ml/L H,0,.

Currently, many researchers have reported the addition of H,O, in enhancing
TiO, photocatalysis reactions, although H,O, may be generated via the TiO,
photocatalysis [44, 45]. The H,O, can inhibit the recombination of electron—hole
pairs, and further provides additional OH- radicals through the following
mechanisms [5, 46]:

H202 +e — HO- +H07
02_ . +H202 — 02 + HO +HO_

Further, addition of H,O, was found to decrease the overall reaction rate in
several studies, owing to the formation of less penetrative HO,- radicals, as
described by

HO- +H,0, — HO,- + H,O

Thus, for comparison purposes, the optimal amount of H,O, (5 ml/L) is selected in
this study.

The influence of Ag modification

As is shown in Fig. 8, the rate of photocatalytic reaction is strongly influenced by
the photocatalyst. Photocatalyst modification plays a vital role in the improvement
of photocatalysis efficiency. Heterogeneous photocatalytic reactions are known to
show a dramatic increase in photo-degradation with catalyst loading. The second-
order kinetics model for the degradation of DB is also used to fit the experimental
data, and relevant parameters are shown in Table 6. Also, the reaction rate constant
increases with the efficiency of the photocatalytic reaction.

Doping low-concentration silver ions on the TiO, surface, migration and
diffusion of Ag ions are dominant in the process of photocatalysis. AgO as well as
Ag,0O are the major chemical states of Ag ions. Thus, the recombination of
electron—hole pairs can be effectively inhibited. Furthermore, compared to pure
TiO,, the content of adsorbed O, and surface hydroxyls on the surface of Ag-TiO,
increased significantly with the photoinduction. This can be used to explain the fact
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0.10 {— A A N R
E—
0.08 - A pure DB
TIQ
s e Ag/TiO,
= 0.06 .
g pseudo-second order reaction
E
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Fig. 8 Plots of DB dye removal on the surface of 0.5 % Ag/TiO, (0.1 mmol L™" initial concentration,
100 mL DB solution, pH 3.0, 30 mg/L photocatalysis) based on second-order kinetics fitted to the
experimental data

Table 6 The second-order kinetic parameters of photocatalytic degradation of DB with Ag modification

Kinetic parameters Pure DB 30 mg/L TiO, 30 mg/L Ag/TiO,
Kphoto2 (L mmol™" min™") 0.005597 0.3541 0.9179
R 0.9243 0.9956 0.9997

that a small amount of Ag ions can significantly improve the efficiency of
photocatalytic degradation DB [47, 48].

Conclusions

Flower-like TiO, was prepared by a hydrothermal method and its photocatalytic
activities were evaluated by using direct blue as a probe molecule. It was also found
to be an active photocatalyst in photo-decolorization of DB dye under UV
irradiation, owing to its unique particle morphological structure.

Reaction kinetics studies suggests that the experimental data follow the pseudo-
second-order reaction model, as regression coefficients all were greater than 0.9.
The second-order kinetic parameters of photocatalytic degradation of DB were
successfully used to study the effect of dye concentration, pH value, the additive
amount of light catalyst, H,O, and with or without Ag modification, which indicate
that there is a close relationship between the photocatalytic activity and second-
order kinetic parameters. According to the results, the second-order kinetic
parameter k is increasing with the photocatalytic activity. Therefore, when
investigating an operation factor, a larger k is better for the DB’s photocatalytic
degradation under the same conditions.
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